A tail of B12 binding  by Evans, Philip R
PHILIP R EVANS FOCAL POINT
A tail of B 12 binding
Structure 15 January 1995, 3:121-122
In 1959, the structure of myoglobin showed not only how a
protein folds, but also how the haem cofactor can provide a
function impossible with amino acids alone, that of binding
molecular oxygen. But it was the structure of haemoglobin,
following shortly afterwards, which showed how a protein
can modulate the behaviour of the cofactor by the stereo-
chemistry of its interactions. Since then, most of the non-
protein cofactors of the biochemistry textbooks have turned
up in protein structures determined by X-ray crystallo-
graphy, both the metal-containing and the purely organic
ones. Now, the structure of a fragment of methionine syn-
thase unveils the largest and most exotic non-protein cofac-
tor, cobalamin or vitamin B12, which like haem, contains a
metal (in this case cobalt) embedded in a porphyrin-like
corrin ring [1].
B12 cofactors
B1 2 cofactors come in two 'flavours': methylcobalamin,
which acts as a methyl donor in methionine synthase, and
adenosylcobalamin (also known as coenzyme B12), which
forms a free-radical, usually to initiate a rearrangement reac-
tion in various mutase enzymes. These cofactors contain the
only metal-carbon bonds in biology, and the key to their
action lies in the properties of the cobalt-carbon bond. In
adenosylcobalamin, this bond is split to form the adenosyl
radical, converting the cobalt atom from Co(III) to Co(II)
(homolytic cleavage). Co(III)-methylcobalamin is split into
the powerfully reducing Co(I) species and the methyl carbo-
cation CH3+ (heterolytic cleavage): in methionine synthase
the methyl group is donated to homocysteine to form
methionine, and the methylcobalamin is reformed with the
methyl group from methyltetrahydrofolate (see Fig. 1).
Co(III) species have six ligands, Co(II) five, and Co(I) four.
The methyl or adenosyl group forms the upper axial ligand
to the hexacoordinate Co(III), on the 'catalytic' side of the
corrin ring, which provides four nitrogen atoms as equator-
ial ligands. On the other side of the corrin ring, which we
can now consider as the 'regulatory' side, the lower axial
ligand in the free coenzyme is the pseudo-nucleotide base,
dimethylbenzimidazole, covalently attached to the corrin
ring as a molecular tail (see Fig. 2a).
Methionine synthase
Drennan et al. [1] have determined the structure of a prote-
olytic fragment of Escherichia coli methionine synthase con-
sisting of the two methylcobalamin-binding domains,
27 kDa of the 136 kDa enzyme, lacking enzymatic activity
but showing the interactions with the cobalamin cofactor.
Methionine synthase is essential both for the qb initio syn-
thesis of methionine in bacteria, and for the recycling of the
homocysteine formed when S-adenosylmethionine is used
as a methyl donor. In the structure, the methylcobalamin is
sandwiched between two domains, a larger domain resem-
bling flavodoxin, and a smaller four-helix bundle burying
the catalytic methyl group. (It is a pleasant coincidence that
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Fig. 1. (a) The methionine synthase reaction, involving heterolytic
cleavage of methylcobalamin. (b) A typical rearrangement reac-
tion initiated by the homolytic cleavage of adenosyl cobalamin.
one of the first flavodoxin structures was determined by
Martha Ludwig.) The big surprise is the conformation of
the pseudo-nucleotide tail: this has swung away from the
corrin, and its place as a cobalt ligand is taken by a histidine,
His759. The new histidine ligand is bound between the
cobalt atom and a.n aspartate side chain (Asp757), which is
in turn hydrogen bonded to a serine (Ser 810). The pseudo-
nucleotide tail is buried deep within the larger flavodoxin-
like domain, and probably provides much of the binding
energy for the cofactor. The histidine-cobalt bond was con-
firmed in the intact enzyme in solution by an elegant elec-
tron paramagnetic resonance (EPR) experiment making use
of the unpaired spin of cob(II)alamin, showing the change
in the spectrum between 15N-labelled enzyme and enzyme
with unlabelled histidine. Histidine-cobalt ligation has been
observed in a corrinoid lacking the benzimidazole base
(p-cresolyl cobamide, identified by a similar EPR experi-
ment [2]), but the displacement of benzimidazole in
methylcobalamin was not expected.
As in the case of the more familiar haem group, the lower
axial ligand is critical in controlling the strength of the
bond to the axial ligand on the opposite 'catalytic' side. The
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Fig. 2. Highly simplified diagram of
(a) free methylcobalamin, showing the
dimethylbenzimidazole base tail bound
to Co(Ill); (b) enzyme-bound methyl-
cobalamin, showing the Co(lll)-His-Asp-
Ser quartet, with a negatively charged
His-Asp, and (c) the proposed tetracoor-
dinate Co(l) state, with the His-Asp pair
protonated, and the histidine detached
from the cobalt atom.
transfer of the methyl group as CH3+ is accompanied by a
reduction of the cobalt oxidation state from Co(III) to the
tetracoordinate Co(I). Co(I) is strongly reducing, and very
sensitive to oxidation, so one of the tasks of the enzyme is
to protect the cobalt atom. Indeed methionine synthase has
a subsidiary activity to reduce and remethylate any cofactor
which has become accidentally oxidized to Co(II). The
Co(I) species can also reduce nitrous oxide N,O to N2,
releasing hydroxyl radicals which destroy the enzyme. This
leads to B12 deficiency, and is the cause of the chronic toxi-
city of N20, as seen in dentists who like laughing gas too
much [3,4]. A decrease of negative charge on the histidine-
aspartate pair by protonation would stabilize the Co(I) state
relative to Co(III), though the Co(I) remains highly reduc-
ing even when stabilized by the enzyme. This charge-relay
system is unprotonated in the methyl-Co(III) state, and pro-
tonated in the unliganded tetracoordinate Co(I) state, with
the histidine dissociated from the metal. The histidine and
aspartate residues are buried within the protein, so the ser-
ine provides a proton path to the solvent. The histidine-
aspartate pair is very versatile, since it can assume three
possible charged states (-1, 0 or +1), and it is thus used in
the active site of many proteins. Of particular interest is the
histidine-aspartate pair bound to the haem iron atom in the
peroxidases (for example, cytochrome c peroxidase [5]). The
peroxidases are unrelated in structure to methionine syn-
thase, but they also catalyze reactions involving a redox
change at the metal, unlike the oxygenation of haemo-
globin. However, the charge state of the histidine-aspartate
in the peroxidases is tuned to stabilize the high oxidation
states of the metal, Fe(III) and Fe(IV), whereas in methion-
ine synthase it favours the low oxidation state Co(I).
Comparison with other B12 enzymes
The sequence similarity between methionine synthase and
the adenosylcobalamin-dependent enzymes is small, but a
region previously recognized by Marsh and Holloway [6] as
indicating a possible homology between methylmalonyl-
coenzyme A (CoA) mutase, glutamate mutase and methio-
nine synthase includes a number of residues which are now
seen to be important for cobalamin binding. These include
three glycines and a serine which line the pseudo-
nucleotide pocket, and most importantly, the histidine and
aspartate which form the cobalt ligands, but interestingly,
not the serine (Ser810). This suggests that the adenosyl-
cobalamin mutases will share a similar structure on the reg-
ulatory side of the corrin, but differences of hydrogen
bonding and stereochemistry on both sides of the corrin
ring are to be expected, in order to favour homolytic cleav-
age of the cobalt-carbon bond to cob(II)alamin, rather than
heterolytic cleavage to Co(I).
The different modes of cleavage of methylcobalamin and
adenosylcobalamin remain a puzzle. Comparison of the two
types of cobalamin-dependent enzymes must await the crys-
tal structure of methylmalonyl-CoA mutase, which has
been crystallized [7], but methionine synthase shows again
that, whereas a cofactor can provide functions which amino
acids cannot, the properties of the cofactor are profoundly
modified by the subtleties of the electrostatic and stereo-
chemical environment provided by the protein. It is a great
pity that Dorothy Hodgkin, who solved the structure of the
first cobalamin nearly 40 years ago, did not live to see what
happens to B12 when it is bound to a protein.
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